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CONTROL

(57) A refrigeration system (100) for a tempera-
ture-controlled storage device (10) includes a refrigera-
tion circuit (102) that circulates a refrigerant, a separate
cooling circuit (104) that circulates a coolant, and a con-
troller (110). The refrigeration circuit (102) includes a
compressor (116), a condenser (108), an expansion de-
vice (112), and an evaporator (114). The cooling circuit
(104) includes a pump (128), a control valve (124), and
a heat removing device (126) in fluid communication with
the condenser (108) via the coolant. The controller (110)
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REFRIGERATION SYSTEM WITH CONDENSER TEMPERATURE DIFFERENTIAL SETPOINT

is operatively coupled to the control valve (124) and con-
figured to identify a coolant temperature differential set-
point, monitor a temperature of the coolant provided to
the condenser (108) by the cooling circuit (104), calculate
a coolant temperature differential based on the temper-
ature of the coolant provided to the condenser (108), and
operate the control valve (124) to modulate a flow of the
coolant through the condenser (108) to drive the coolant
temperature differential to the coolant temperature dif-
ferential setpoint.
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Description

CROSS-REFERENCE TO RELATED PATENT APPLI-
CATION

[0001] Thisapplication claims the benefit of and priority
to U.S. Patent Application No. 15/387,300 filed Decem-
ber 21, 2016, which claims the benefit of and priority to
U.S. Provisional Patent Application No. 62/352,789 filed
June 21, 2016, both of which are incorporated by refer-
ence herein in their entireties.

BACKGROUND

[0002] The present disclosure relates generally to the
field of refrigeration systems. Refrigeration systems are
often used to provide cooling to temperature controlled
display devices (e.g. cases, merchandisers, etc.) in su-
permarkets and other similar facilities. Vapor compres-
sion refrigeration systems are a type of refrigeration sys-
tem which provide such cooling by circulating a fluid re-
frigerant (e.g., a liquid and/or vapor) through a thermo-
dynamic vapor compression cycle. In a vapor compres-
sion cycle, the refrigerant is typically (1) compressed to
a high temperature high pressure state (e.g., by a com-
pressor of the refrigeration system), (2) cooled/con-
densed to a lower temperature state (e.g., in a gas cooler
or condenser which absorbs heat from the refrigerant),
(3) expanded to a lower pressure (e.g., through an ex-
pansion valve), and (4) evaporated to provide cooling by
absorbing heat into the refrigerant. Often, secondary lig-
uid cooling systems provide the cooling necessary to op-
erate the condenser and complete step (2) of this proc-
ess.

[0003] Existing solutions to control the temperatures
of display devices often rely upon a temperature setpoint
of the refrigerant and operate the components of the re-
frigeration system accordingly. However, these solutions
are inefficient because they fail to account for the char-
acteristics of the liquid coolant used in operating the con-
denser. For example, in a scenario in which the liquid
coolant is a higher temperature than the refrigerant con-
densing setpoint temperature, the controller may operate
the liquid cooling system at its maximum capacity in an
attempt to achieve a setpointthat is physically impossible
to reach due to the temperature of the liquid coolant.

SUMMARY

[0004] One implementation of the present disclosure
is a refrigeration system for a temperature-controlled
storage device. The refrigeration system includes a re-
frigeration circuit that circulates a refrigerant. The refrig-
eration circuit includes a compressor, a condenser, an
expansion device, and an evaporator. The refrigeration
system also includes a cooling circuit separate from the
refrigeration circuit and configured to circulate a coolant
through the condenser to provide cooling for the refrig-
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erant. The cooling circuit includes a pump, a control
valve, and a heatremoving device in fluid communication
with the condenser via the coolant. The refrigeration fur-
ther includes a controller operatively coupled to the con-
trol valve. The controller is configured to identify a coolant
temperature differential setpoint, monitor a temperature
of the coolant provided to the condenser by the cooling
circuit, calculate a coolant temperature differential based
on the temperature of the coolant provided to the con-
denser, and provide a signal to the control valve to mod-
ulate a flow of the coolant through the condenser to drive
the coolant temperature differential to the coolant tem-
perature differential setpoint.

[0005] In some embodiments, the controller is config-
ured to determine a condensing temperature of the re-
frigerant in the condenser. In some embodiments, the
coolant temperature differential is a difference between
the condensing temperature of the refrigerant in the con-
denser and the temperature of the coolant provided to
the condenser.

[0006] In some embodiments, the controller deter-
mines the condensing temperature of the refrigerant in
the condenser by monitoring a condensing pressure of
the refrigerant in the condenser and calculating the con-
densing temperature based on the condensing pressure.
[0007] In some embodiments, the controller is config-
ured to monitor a temperature of the coolant exiting the
condenser. In some embodiments, the coolant temper-
ature differential is a difference between the temperature
of the coolant exiting the condenser and the temperature
of the coolant provided to the condenser.

[0008] In some embodiments, the controller is config-
ured to open the control valve to increase the flow of the
coolant through the condenser when the coolant temper-
ature differential is higher than the coolant temperature
differential setpoint. In some embodiments, the controller
is configured to close the control valve to decrease the
flow of the coolant through the condenser when the cool-
anttemperature differential is lower than the coolant tem-
perature differential setpoint.

[0009] Insome embodiments, the refrigerantis carbon
dioxide (CO,). In some embodiments, the coolant is wa-
ter or a mixture of water and glycol.

[0010] In some embodiments, the controller identifies
atemperature differential constraint and monitors a cool-
ant outlet temperature at an outlet of the condenser and
a coolant inlet temperature at an inlet of the condenser.
The controller calculates an actual temperature differen-
tial between the coolant outlet temperature and the cool-
ant inlet temperature and operates the control valve to
decrease the flow of the coolant through the condenser
in response to the actual temperature differential being
less than the temperature differential constraint.

[0011] In some embodiments, the controller is config-
ured to identify a temperature differential constraint and
monitor a condenser temperature differential between a
temperature of the coolant at an outlet of the condenser
and a temperature of the coolant at an inlet of the con-
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denser. The controller may operate the control valve to
decrease the flow of the coolant through the condenser
in response to the condenser temperature differential be-
ing less than the temperature differential constraint.
[0012] In some embodiments, the controller identifies
a maximum temperature limit for the condensing temper-
ature of the refrigerant and ceases operating the control
valve in response to the condensing temperature of the
refrigerant exceeding the maximum temperature limit.
[0013] In some embodiments, the controller identifies
a minimum temperature limit for the condensing temper-
ature of the refrigerant and ceases operating the control
valve in response to the condensing temperature of the
refrigerant dropping below the minimum temperature lim-
it.

[0014] In some embodiments, the controller operates
at least one of the compressor and the expansion device
to modulate a flow rate of the refrigerant to maintain a
desired temperature of the temperature-controlled stor-
age device.

[0015] In some embodiments, the controller identifies
a preopening time period for the control valve during an
initialization period of the refrigeration system and iden-
tifies a preopening position for the control valve during
the initialization period. The controller further operates
the control valve to achieve the preopening position for
a duration of the preopening time period.

[0016] Another implementation of the present disclo-
sure is a cooling circuit for a temperature-controlled stor-
age device. The cooling circuit includes a pump that cir-
culates a coolant through the cooling circuit, a heat ex-
changer that transfers heat from a refrigerant flowing
through the heat exchanger to the coolant flowing
through the heat exchanger, and a fluid control valve that
modulates a flow rate of the coolant through the heat
exchanger. The cooling circuit further includes a control-
ler. The controller identifies a setpoint value for a tem-
perature differential between a saturation temperature of
the refrigerant as it condenses in the heat exchanger and
a temperature of the coolant as it enters the heat ex-
changer. The controller further operates the fluid control
valve to maintain the saturation temperature of the re-
frigerant as it condenses in the heat exchanger equal to
a sum of the setpoint value and the temperature of the
coolant as it enters the heat exchanger.

[0017] In some embodiments, the cooling circuit in-
cludes a second heat exchanger. The second heat ex-
changer transfers heat from the coolant to a second re-
frigerant flowing through the second heat exchanger.
[0018] In some embodiments, the coolant is water or
a mixture of water and glycol. In some embodiments, the
refrigerant is carbon dioxide (CO,).

[0019] Another implementation of the present disclo-
sure is a method for controlling a refrigeration system
that includes a refrigeration circuit, a cooling circuit, and
a heat exchanger coupled to the refrigeration circuit and
the cooling circuit. The method includes identifying a tem-
perature differential setpoint, and monitoring a tempera-
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ture of a coolant provided to the heat exchanger by the
cooling circuit. The method further includes determining
a condensing temperature of a refrigerant provided to
the heat exchanger by the refrigeration circuit and calcu-
lating a setpoint condensing temperature for the refrig-
erant by adding the temperature differential setpoint to
the temperature of the coolant provided to the condenser.
The method further includes operating a control valve of
the cooling circuit to modulate a flow of the coolant
through the heat exchanger to achieve the setpoint con-
densing temperature for the refrigerant.

[0020] In some embodiments, the method includes
identifying a maximum temperature limit for the condens-
ing temperature of the refrigerant and preventing the con-
troller from further closing the control valve in response
to the condensing temperature of the refrigerant exceed-
ing the maximum temperature limit.

[0021] In some embodiments, the method includes
identifying a minimum temperature limit for the condens-
ing temperature of the refrigerant and preventing the con-
troller from further opening the control valve in response
tothe condensing temperature of the refrigerant dropping
below the minimum temperature limit.

[0022] In some embodiments, the method includes
setting a temperature differential constraint defining a
minimum allowable temperature differential between a
coolant outlet temperature at an outlet of the heat ex-
changer and a coolant inlet temperature at an inlet of the
heat exchanger.

[0023] In some embodiments, the method includes
monitoring the coolant outlettemperature and the coolant
inlet temperature and calculating an actual temperature
differential between the coolant outlet temperature and
the coolant inlet temperature. The method further in-
cludes operating the control valve to decrease the flow
of the coolant through the heat exchanger in response
to the actual temperature differential being less than the
temperature differential constraint.

[0024] Those skilled in the art will appreciate that the
summary is illustrative only and is not intended to be in
any way limiting. Other aspects, inventive features, and
advantages of the devices and/or processes described
herein, as defined solely by the claims, will become ap-
parent in the detailed description set forth herein and
taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0025]

FIG. 1 is a perspective view of a temperature-con-
trolled display device, according to some embodi-
ments.

FIG. 2 is a cross-sectional elevation view of the tem-
perature-controlled display device of FIG. 1, accord-
ing to some embodiments.

FIG. 3 is a block diagram of a liquid-cooled refriger-
ation system which may be used in conjunction with
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the temperature-controlled display device of FIG. 1,
according to some embodiments.

FIG. 4 is a flowchart of a process for operating a
water control valve to achieve a temperature differ-
ential setpoint, according to some embodiments.
FIG. 5 is a flowchart of a process for operating a
water control valve to satisfy a minimum condenser
water temperature differential, according to some
embodiments.

FIG. 6 is a flow diagram of a control process for the
refrigeration system, according to some embodi-
ments.

DETAILED DESCRIPTION
Overview

[0026] Referring generally to the FIGURES, a refriger-
ation system with condenser temperature differential set-
point control is shown, according to various embodi-
ments. The refrigeration system may be used in conjunc-
tion with a temperature-controlled display device (e.g., a
refrigerated merchandiser) or other refrigeration device
used to store and/or display refrigerated or frozen objects
in a commercial, institutional, or residential setting. The
refrigeration system includes a refrigerant loop including
a condenser, an expansion valve, an evaporator, and a
compressor. In some embodiments, the refrigerant loop
operates using a vapor-compression refrigeration cycle
in which arefrigerantis circulated between the condenser
and the evaporator to provide cooling for the tempera-
ture-controlled display device.

[0027] In some embodiments, the condenser is liquid-
cooled. For example, the refrigeration system may in-
clude a cooling loop that circulates a liquid coolant (e.g.,
water) through the condenser to provide cooling for the
refrigerant in the refrigerant loop. In some embodiments,
a controller for the refrigeration system operates a fluid
control valve located along the cooling loop to modulate
the flow of the liquid coolant through the condenser. The
controller can operate the fluid control valve to achieve
a setpoint temperature differential between the temper-
ature of the liquid coolant as it enters the condenser and
the condensing temperature of the refrigerant (e.g., the
temperature of the refrigerant as it passes through the
condenser or at an outlet of the heat exchanger). In some
embodiments, the controller operates the fluid control
valve subject to a constraint defining a minimum temper-
ature differential between the temperature of the liquid
coolant atthe inletand outlet of the condenser. Additional
features and advantages of the refrigeration system are
described in greater detail below.

Temperature-Controlled Device
[0028] Referring now to FIGS. 1-2, atemperature-con-

trolled display device 10 is shown, according to an ex-
emplary embodiment. Temperature controlled-display
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device 10 may be a refrigerator, a freezer, a refrigerated
merchandiser, a refrigerated display case, or other de-
vice capable of use in a commercial, institutional, or res-
idential setting for storing and/or displaying refrigerated
or frozen objects. For example, temperature-controlled
display device 10 may be a service-type refrigerated dis-
play case for displaying fresh food products (e.g., beef,
pork, poultry, fish, etc.) in a supermarket or other com-
mercial setting.

[0029] Temperature-controlled display device 10 is
shown as a refrigerated display case having a top 12,
bottom 14, back 16, front 18, and sides 20-22 that at least
partially define a temperature-controlled space 24 within
which refrigerated or frozen objects can be stored. In
some embodiments, front 18 is at least partially open (as
shown in FIGS. 1-2) tofacilitate access to the refrigerated
or frozen objects stored within temperature-controlled
space 24. In other embodiments, front 18 may include
one or more doors (e.g., hinged doors, sliding doors, etc.)
that move between an open position and a closed posi-
tion. The doors may be insulated glass doors including
one or more transparent panels such that the objects
within temperature-controlled space 24 can be viewed
through the doors (i.e., from the exterior of display device
10) when the doors are closed. Similarly, sides 20-22
may be at least partially open (as shown in FIGS. 1-2) or
closed to define side walls of temperature-controlled
space 24.

[0030] Temperature-controlled display device 10 is
shown to include a plurality of shelves 26-27 upon which
refrigerated or frozen objects can be placed for storage
and/or display. Shelves 26 may be located at various
heights within temperature-controlled space 24. Shelf 27
defines a lower boundary of temperature-controlled
space 24 and separates temperature-controlled space
24 from a lower space 32 within which various compo-
nents of a refrigeration circuit for temperature-controlled
display device 10 may be contained.

[0031] Space 32is shown toinclude a cooling element
28 and a fan 30. Cooling element 28 may include a cool-
ing coil, a heat exchanger, an evaporator, or other com-
ponent configured to provide cooling for temperature-
controlled space 24. Cooling element 28 may be part of
a refrigeration loop (e.g., refrigerant loop 102 shown in
FIG. 3) and may be configured to absorb heat from an
airflow 34 passing over or through cooling element 28.
Fan 30 may include one or more fans configured to cause
airflow 34 through cooling element 28. In some embod-
iments, fan 30 causes airflow 34 from cooling element
28 to pass through a channel 36 along a rear surface 38
and/or upper surface 40 of temperature-controlled space
24 . Rear surface 38 and/or upper surface 40 may include
a plurality of outlets distributed along channel 36 (e.g.,
holes in rear surface 38 and/or upper surface 40 into
channel 36) through which airflow 34 can pass from chan-
nel 36 into temperature-controlled space 24.

[0032] Referring particularly to FIG. 2, channel 36 is
shown to include an outlet 42 configured to direct airflow
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34 downward from a front end of channel 36. The down-
ward airflow from outlet 42 may form an air curtain 44
between outlet 42 and inlet 46. Air curtain 44 may help
retain chilled air within temperature-controlled space 24
and may prevent the ingression of ambient air (e.g.,
warmer air from outside temperature-controlled display
device 10) into temperature-controlled space 24. Air cur-
tain 44 and airflow 34 may be created by operating fan
30. Fan 30 may be configured to draw airflow 34 through
inlet 46 and may cause airflow 34 to pass through cooling
element 28. Airflow 34 is chilled by cooling element 28
and is forced into temperature-controlled space 24 by
operation of fan 30.

Refrigeration System

[0033] Referring now to FIG. 3, a liquid-cooled refrig-
eration system 100 is shown, according to an exemplary
embodiment. In some embodiments, liquid-cooled refrig-
eration system 100 may be used in conjunction with tem-
perature-controlled display device 10. Refrigeration sys-
tem 100 is shown to include a refrigerant loop 102 and
a water loop 104. Refrigerant loop 102 and water loop
104 are shown as separate loops that are not in fluid
communication with each other. However, condenser
108 thermally couples refrigerantloop 102 and waterloop
104 to allow for heat transfer therebetween.

[0034] Refrigerantloop 102 is shown to include a con-
denser 108, a controller 110, an expansion valve 112,
an evaporator 114, and a compressor 116. Condenser
108 may be a heat exchanger or other similar device for
removing heat from a refrigerant that circulates between
evaporator 114 and condenser 108. Condenser 108 may
receive vapor refrigerant from compressor 116 and may
partially or fully condense the vapor refrigerant by remov-
ing heat from the refrigerant. The condensation process
may result in a liquid refrigerant or a liquid-vapor mixture.
In other embodiments, condenser 108 cools the refrig-
erant vapor (e.g., by removing superheat) without con-
densing the refrigerant vapor. In some embodiments, the
cooling/condensation process is an isobaric process.
Condenser 108 provides the cooled and/or condensed
refrigerant to expansion valve 112.

[0035] Expansion valve 112 may be an electronic ex-
pansion valve or another similar expansion device. Ex-
pansion valve 112 may be controlled by controller 110
(e.g., using an automatic control scheme), manually by
a user, or may be set to a predetermined position. Ex-
pansion valve 112 may cause the refrigerant to undergo
a rapid drop in pressure, thereby expanding the refriger-
ant to a lower pressure, lower temperature state. The
expanded refrigerant is then provided to evaporator 114.
[0036] Evaporator 114 is shown receiving the cooled
and expanded refrigerant from expansion valve 112. In
some embodiments, evaporator 114 is associated with
display cases/devices (e.g., if refrigeration system 100
isimplemented in a supermarket setting). Evaporator 114
may be configured to facilitate the transfer of heat from
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the display cases/devices into the refrigerant. The added
heat may cause the refrigerant to evaporate partially or
completely. In some embodiments, the evaporation proc-
essmay be anisobaric process. Evaporator 114 provides
the refrigerant to compressor 116, which operates to
compress the refrigerant. Compressor 116 may be con-
trolled by controller 110, or by any suitable controller and
control scheme. Compressor 116 is shown discharging
the refrigerant upstream of condenser 108, wherein the
refrigerant may re-cycle through refrigerant loop 102.
[0037] Still referring to FIG. 3, water loop 104 is shown
to include condenser 108, water control valve 124, water
chiller 126, and water pump 128. As described above,
condenser 108 may be a heat exchanger or other similar
device for removing heat from the refrigerant in refriger-
antloop 102. This removal may be accomplished as heat
from the refrigerant in refrigerant loop 102 is absorbed
by water circulating through water loop 104. Although
water loop 104 is described as circulating water, it is con-
templated that any of a variety of coolants or working
fluids can be used in water loop 104. Accordingly, it
should be understood that all references to water in the
present disclosure can be replaced with another coolant
or working fluid that circulates through water loop 104 to
provide cooling for condenser 108.

[0038] In some embodiments, upon being discharged
from condenser 108, the water will flow through water
pump 128. Water pump 128 circulates water through wa-
ter loop 104 between condenser 108 and water chiller
126. In some embodiments, the discharge pressure of
water pump 128 may be monitored by controller 110, and
the operational parameters of water pump 128 may be
altered via control signals from controller 110 in order to
maintain required fluid pressure in water loop 104. In oth-
er embodiments, controller 110 may operate water pump
128 based on a flow rate (e.g., mass flow, volume flow,
etc.) of water through water control valve 124.

[0039] Once the water has exited water pump 128, it
may flow through water chiller 126. In various embodi-
ments, water chiller 126 may be a heat exchanger or
other device configured to provide cooling for the water
circulating through water loop 104. In some embodi-
ments, heat removal from the water in water loop 104
may be provided by a secondary refrigerant circulated
water chiller 126.

[0040] After the water in water loop 104 has been
chilled by water chiller 126, it may flow through water
control valve 124. In some embodiments, controller 110
operates water control valve 124 to control the flow of
water into condenser 108. Water control valve 124 may
be an electronic modulating valve that may be operated
in a fully closed position, a fully open position, or any
position therebetween in response to a control signal
from controller 110. In some instances, the position of
water control valve 124 may be expressed as a percent-
age. For example, 100% may represent a fully open
valve, 0% may represent a fully closed valve, and 50%
may represent a half-open valve.



9 EP 3 260 800 A1 10

[0041] Controller 110 may perform a variety of func-
tions in refrigeration system 100, including operating ex-
pansion valve 112, compressor 116, water control valve
124, and/or water pump 128. Controller 110 may monitor
certain parameters of refrigerant loop 102 and refrigera-
tion system 100 (e.g., refrigerant temperature in evapo-
rator, refrigerant condensing temperature T, refrigerant
pressure downstream of compressor 116, water inlet
temperature T;,, water outlet temperature T, etc.) and
may operate various components of refrigeration system
100 based on the measured values. For example, in
some embodiments, controller 110 may deactivate com-
pressor 116 and/or cause expansion valve 112 to close
when cooling is not required (i.e., when refrigerant tem-
perature in evaporator 114 reaches a specified value,
etc.). In some embodiments, controller 110 may operate
compressor 116 based on a flow rate (e.g., mass flow,
volume flow, etc.) of refrigerant through expansion valve
112. In some embodiments, controller operates water
control valve 124 to achieve a condenser temperature
differential setpoint (described in greater detail below).
[0042] Controller 110 may include feedback control
functionality for adaptively operating the various compo-
nents of refrigeration system 100. For example, controller
110 may receive a setpoint (e.g., a temperature setpoint,
a pressure setpoint, a flow rate setpoint, a power usage
setpoint, etc.) and operate one or more components of
refrigeration system 100 to achieve the setpoint. The set-
point may be specified by a user (e.g., via a user input
device, a graphical user interface, a local interface, a
remote interface, etc.) or automatically determined by
controller 110 based on a history of data measurements.
[0043] Controller 110 may be a proportional-integral
(PI) controller, a proportional-integral-derivative (PID)
controller, a pattern recognition adaptive controller
(PRAC), a model recognition adaptive controller
(MRAC), amodel predictive controller (MPC), or any oth-
er type of controller employing any type of control func-
tionality. In some embodiments, controller 110 is a local
controller for refrigerant loop 102. In other embodiments,
controller 110 is a supervisory controller for a plurality of
controlled subsystems (e.g., refrigeration system 100, an
AC system, a lighting system, a security system, etc.).
For example, controller 110 may be a controller for a
comprehensive building management system incorpo-
rating refrigeration system 100. Controller 110 may be
implemented locally, remotely, or as part of a cloud-host-
ed suite of building management applications.

[0044] In some embodiments, controller 110 receives
input from sensory devices via a communications inter-
face. The communications interface may include wired
orwireless interfaces (e.g., jacks, antennas, transmitters,
receivers, transceivers, wire terminals, etc.) for conduct-
ing data communications with various systems, devices,
or networks. For example, the communications interface
may include an Ethernet card and port for sending and
receiving data via an Ethernet-based communications
network. In another example, the communications inter-
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face may include a WiFi transceiver for communicating
via a wireless communications network. The communi-
cations interface may be configured to communicate via
local area networks or wide area networks (e.g., the In-
ternet, a building WAN, etc.) and may use a variety of
communications protocols (e.g., TCP/IP, point-to-point,
etc.). Insome embodiments, controller 110 uses the com-
munications interface to send control signals to various
operable components of refrigeration system 100.
[0045] In some embodiments, controller 110 includes
aprocessing circuit having a processor and memory. The
processor may be a general purpose or specific purpose
processor, an application specific integrated circuit
(ASIC), one or more field programmable gate arrays (FP-
GAs), a group of processing components, or other suit-
able processing components. The processor may be
configured to execute computer code or instructions
stored in memory or received from other computer read-
able media (e.g., CDROM, network storage, a remote
server, etc.). Memory may include one or more devices
(e.g., memory units, memory devices, storage devices,
etc.) for storing data and/or computer code for completing
and/or facilitating the various processes described in the
present disclosure. Memory may include random access
memory (RAM), read-only memory (ROM), hard drive
storage, temporary storage, non-volatile memory, flash
memory, optical memory, or any other suitable memory
for storing software objects and/or computer instructions.
Memory may include database components, object code
components, script components, or any other type of in-
formation structure for supporting the various activities
and information structures described in the present dis-
closure. Memory may be communicably connected to
the processor via the processing circuit and may include
computer code for executing one or more processes de-
scribed herein.

Water Control Valve Operation

[0046] Controller 110 can operate water control valve
124 to increase or decrease the flow of water through
condenser 108. Operating water control valve 124 may
include causing water control valve 124 to open (com-
pletely or partially) to increase the flow of water through
condenser 108 and/or causing water control valve 124
to close (completely or partially) to decrease the flow of
water through condenser 108. Increasing the flow of wa-
ter through condenser 108 can change the rate of heat
transfer within condenser 108, thereby decreasing the
condensing temperature T, and reducing the difference
AT between the condensing temperature T, and the con-
denser water inlettemperature T;,,. Conversely, decreas-
ing the flow of water through condenser 108 can de-
crease the rate of heat transfer within condenser 108,
thereby increasing the condensing temperature T, and
increasing the difference AT between the condensing
temperature T, and the condenser water inlet tempera-
ture T,
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[0047] In some embodiments, controller 110 operates
water control valve 124 to achieve a setpoint temperature
differential AT, between the water inlet temperature T;,
(i.e., the temperature of the water entering condenser
108) and the refrigerant condensing temperature T, (i.e.,
the temperature of the refrigerant passing through con-
denser 108). In some embodiments, the water inlet tem-
perature T;, is measured using a temperature sensor lo-
cated at the inlet of condenser 108. Condensing temper-
ature T, can also be measured by a temperature sensor
configured to measure the refrigerant temperature within
condenser 108 or downstream of condenser 108. In other
embodiments, the condensing pressure of the refrigerant
is measured by a pressure sensor and converted by con-
troller 110 to a temperature value. The temperature dif-
ferential setpoint ATy, may be manually inputto controller
110 by a user, or it may be determined automatically by
controller 110 through the use of an algorithm.

[0048] Controller 110 can use measured values of the
water inlet temperature T, and the refrigerant condens-
ing temperature T, to calculate an actual temperature
difference AT therebetween. For example, controller 110
can subtract the water inlet temperature T;, from the re-
frigerant condensing temperature T to calculate the ac-
tual temperature difference AT (i.e., AT =T, - T;,). Con-
troller 110 can operate water control valve 124 to achieve
the temperature differential setpoint AT, by variably
opening or closing water control valve 124 until the actual
temperature differential AT reaches the temperature dif-
ferential setpoint AT,

[0049] In some embodiments, controller 110 operates
water control valve 124 to achieve a variable setpoint
condensing temperature T;,. In some embodiments,
controller 110 calculates the condensing temperature
setpoint T, ., based on the measured water inlet temper-
ature T;, and the temperature differential setpoint AT,
For example, controller 110 can obtain the water inlet
temperature T, from atemperature sensor located along
waterloop 104. In various embodiments, the temperature
sensor can be located at the inlet of condenser 108 (as
shown in FIG. 3) or at another location between water
chiller 126 and condenser 108 (e.g., upstream of water
control valve 124 or downstream of water control valve
124). Controller 110 can add the temperature differential
setpoint AT, to the water inlet temperature T;, to calcu-
late the condensing temperature T o, setpoint (i.e., T, ¢,
= tin + ATgy). Controller 110 can operate water valve 124
to achieve the variable condensing temperature setpoint
Te spr
[0050] In previous water-cooled refrigeration systems,
controller 110 would store a fixed condensing tempera-
ture setpoint T g, for the refrigerant in refrigerant loop
102 and attempt to operate water control valve 124 until
the condensing temperature T, has reached the setpoint
value T 5, This control technique may greatly limit the
efficiency of the refrigeration system. For example, if the
ambient temperature or other factors cause the water
inlet temperature T;, to be higher than the condensing
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temperature setpoint Tc,sp’ controller 110 might fully open
water control valve 124 in an attempt to reach a physically
impossible condensing setpoint temperature Tcysp, need-
lessly wasting energy and overstressing the components
of the refrigeration system. Advantageously, operating
control valve 124 to achieve the temperature differential
setpoint AT, avoids this scenario because the condens-

ing temperature setpoint T, o, is guaranteed to be higher

than the water inlet temperature T, (i.e., Tos, = Tjy +
ATgp).
[0051] In some embodiments, controller 110 operates

water control valve 124 subject to a constraint defining
a minimum temperature differential AT, between the
water inlet temperature T, (i.e., the temperature of the
water entering condenser 108) and the water outlet tem-
perature T, (i.e., the temperature of the water exiting
condenser 108). Controller 110 can calculate an actual
water temperature differential AT, by subtracting the wa-
terinlettemperature T;,fromthe water outlettemperature
Tout (€., AT, = T, - T;). Controller 110 can operate
water valve 124 to ensure that the actual water temper-
ature differential AT, does not drop below the minimum
temperature differential AT,,;,. In various embodiments,
the minimum temperature differential AT, may be set
in controller 110, either by a user or by an algorithm, at
a relatively small value (e.g., 2-3 degrees).

[0052] The minimum temperature differential AT,,;,
may serve to increase the efficiency of the refrigeration
system. For example, when controller 110 detects that
the actual water temperature differential AT, is less than
the minimum temperature differential 4T,,,, controller
110 may send a signal to close control valve 124 (fully
or partially) and reduce the flow of water through con-
denser 108. Reducing the flow of water may increase the
water outlet temperature T, (e.g., by allowing the water
more time to absorb heat from the refrigerantin condens-
er 108), thereby increasing the actual water temperature
differential 4T ,. Closing control valve 124 may preserve
system resources in a scenario where the condensing
temperature T, is very close to the water inlet tempera-
ture T;,, and thus little excess heat is absorbed from the
refrigerantin condenser 108, regardless of the water flow
rate. This may lead to an increase in overall system ef-
ficiency.

[0053] ReferringnowtoFIG. 4, aflowchart of a process
400 for operating a water control valve to achieve a tem-
perature differential setpoint Tsp is shown, according to
an exemplary embodiment. In some embodiments, proc-
ess 400 is performed by controller 110 to operate water
control valve 124. Process 400 is shown to include meas-
uring the condenser water inlet temperature T,, (step
402) and calculating the refrigerant condensing temper-
ature T, (step 404). In some embodiments, the water
inlet temperature T, is measured using a temperature
sensor located at the inlet of condenser 108. Condensing
temperature T, can also be measured by a temperature
sensor configured to measure the refrigerant tempera-
ture within condenser 108 or downstream of condenser
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108. In other embodiments, the condensing pressure of
the refrigerant is measured by a pressure sensor and
converted by controller 110 to a temperature value. Con-
troller 110 can calculate an actual temperature difference
AT between the refrigerant condensing temperature T,
and the condenser water inlet temperature T, (step 406)
by subtracting the water inlet temperature T, from the
refrigerant condensing temperature T, (i.e., AT =T,- T;,).
[0054] Process 400 is shown to include comparing the
actual temperature difference AT to a temperature differ-
ential setpoint ATSP (step 408). In some embodiments,
controller 110 compares the actual temperature differ-
ence AT to the temperature differential setpoint ATSP to
determine whether to open or close water control valve
124. For example, controller 110 can determine whether
the actual temperature difference AT is greater than the
temperature differential setpoint ATSP (step 410). If the
actual temperature difference AT is greater than the tem-
perature differential setpoint ATSP (i.e., the result of step
410 is "yes"), controller 110 can operate water control
valve 124 to increase water flow through condenser 108
(step 412). Increasing water flow through condenser 108
may function to change the rate of heat transfer to the
cooling water, thereby reducing the condensing temper-
ature T, and the actual temperature difference AT. Proc-
ess 400 may then return to step 402. However, if the
actual temperature difference AT is not greater than the
temperature differential setpoint ATSP (i.e., the result of
step 410 is "no"), process 400 may proceed to step 414.
[0055] Process 400 is shown to include determining
whether the actual temperature difference AT is less than
the temperature differential setpoint ATSP (step 414). If
the actual temperature difference AT is less than the tem-
perature differential setpoint ATSP (i.e., the result of step
414 is "yes"), controller 110 can operate water control
valve 124 to decrease water flow through condenser 108
(step 416). Decreasing water flow through condenser
108 may function to increase the condensing tempera-
ture T, and the actual temperature difference AT. Proc-
ess 400 may then return to step 402. However, if the
actual temperature difference AT is not less than the tem-
perature differential setpoint ATSP (i.e., the result of step
414 is "no"), process 400 may proceed directly to step
402 without adjusting the position of water control valve
124,

[0056] ReferringnowtoFIG.5, aflowchartof aprocess
500 for operating a water control valve to satisfy a mini-
mum condenser water temperature differential is shown,
according to an exemplary embodiment. In some em-
bodiments, process 500 is performed by controller 110
to operate water control valve 124. Process 500 is shown
to include measuring the condenser water inlet temper-
ature T, (step 502) and measuring the condenser water
outlet temperature T, (step 504). In some embodi-
ments, the water inlet temperature T;, is measured using
a temperature sensor located at the inlet of condenser
108. Similarly, the water outlet temperature T, can be
measured using a temperature sensor located at the out-
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let of condenser 108. Controller 110 can calculate an
actual temperature difference AT, between the condens-
er water outlet temperature T, ;and the condenser water
inlet temperature T;, (step 506) by subtracting the water
inlet temperature T,, from the water outlet temperature
Tout (ie., ATW = Tout - Tm)

[0057] Process 500 is shown to include comparing the
actual temperature difference 4T, to a minimum
temperature differential constraint 4T, (step 508). In
some embodiments, controller 110 compares the actual
temperature difference AT, to the minimum temperature
differential AT, to determine whether to open or close
water control valve 124. For example, controller 110 can
determine whether the actual temperature difference
AT, is less than the minimum temperature differential
AT in(step 510). If the actual temperature difference AT,
is less than the minimum temperature differential AT,
(i.e., the result of step 510 is "yes"), controller 110 can
operate water control valve 124 to reduce water flow
through condenser 108 (step 512). Reducing water flow
through condenser 108 may allow the cooling water more
time to absorb heat from the refrigerant, thereby
increasing the condenser water outlet temperature T,
and the actual temperature difference AT ,. Process 500
may then return to step 502. However, if the actual
temperature difference AT, is not less than the minimum
temperature differential AT, (i.e., the result of step 510
is "no"), process 500 may proceed directly to step 502
without reducing water flow through condenser 108.
[0058] Referring now to FIG. 6, a process 600 for op-
erating a refrigeration systems is shown, according to an
exemplary embodiment. The steps of process 600 may
be performed by a controller (e.g., controller 110), or the
steps may comprise an algorithm performed by a con-
troller. Alternatively, process 600 may be manually per-
formed by a user during an installation or maintenance
process of the refrigeration system.

[0059] Process 600 begins with step 602, in which lim-
its are set for the condensing temperature T, of the re-
frigerant in condenser 108. In some instances, only a
maximum temperature limit will be generated. In other
instances, only a minimum temperature limit will be gen-
erated. In still further instances, both a maximum and a
minimum temperature limit will be generated. Limits for
the condensing temperature T, may be based on several
factors, for example, the desired temperature of temper-
ature-controlled display device 10, ambient weather con-
ditions, etc.

[0060] Process 600 may continue to step 604, which
includes generating a temperature differential setpoint
ATSP. Temperature differential setpoint ATsp may repre-
sent the ideal temperature differential to be achieved be-
tween the refrigerant condensing temperature T, and the
condenser water inlet temperature T,,. The temperature
differential setpoint AT, may vary based on the desired
temperature for temperature-controlled display device
10, ambient weather conditions, or a variety of other fac-
tors. In various embodiments, the temperature differen-
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tial setpoint ATSP may be achieved by a user providing
manual input to a controller, or automatically by a con-
troller through the use of an algorithm.

[0061] In some embodiments, the temperature differ-
ential setpoint ATSP is generated by performing an opti-
mization process. The optimization process may deter-
mine an optimal value for the temperature differential set-
point ATy, based on a variety of factors such as outside
air temperature, outside air humidity, equipment power
consumption, equipment efficiencies, a measured tem-
perature of the water in water loop 104, desired temper-
atures for evaporators 114, etc. The optimization process
can be performed by a controller (e.g., a supervisory con-
troller) optimize a variable of interest (e.g., total system
power consumption, total system operating cost based
on utility prices, etc.) based on a set of measured values
subject to temperature constraints for evaporators 114.
[0062] Advantageously, the optimization process al-
lows the controller to determine whether energy is most
efficiently spent by reducing the condenser water inlet
temperature T;, (e.g., by operating water chiller 126) or
by operating water loop 104 and refrigerant loop 102 to
achieve a tighter (i.e., lower) temperature differential set-
point ATSP. In some instances, the controller may deter-
mine that energy is most efficiently spent by operating
water chiller 126 to reduce the condenser water inlet tem-
perature T, of the water in water loop 104. Accordingly,
the controller may generate a relatively high temperature
differential setpoint ATSP to reduce the power consump-
tion of water loop 104 and refrigerant loop 102. In other
instances, the controller may determine that energy is
most efficiently spent by reducing the power consumption
of water chiller 126 (which results in a higher condenser
water inlet temperature T;,;) and increasing the power
consumption of water loop 104 and/or refrigerant loop
102. Accordingly, the controller may generate a relatively
low temperature differential setpoint ATsp to achieve the
required amount of cooling given the higher inlet water
temperature T,

[0063] Process 600 may then proceed to step 606, in
which a constraint defining a minimum temperature
differential AT, is identified. The minimum temperature
differential constraint AT,,;,, may define a minimum
allowable differential between the temperature of the
water at the outlet of condenser 108 (i.e., T,,) and the
temperature of the water at the inlet of condenser 108
(ie., T;). In some embodiments, the minimum
temperature differential AT,,;, is small, for example 2-3
degrees. The minimum temperature differential AT,
may increase system efficiency in a scenario when the
condensing temperature T, is very close to the water inlet
temperature T, and little excess heat is be absorbed by
the water passing through condenser 108. Like
differential setpoint ATSP, the minimum temperature
differential constraint AT,,;,, may be generated through
manual user input or automatic generation by an
algorithm.

[0064] Following step 606, process 600 may proceed
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to a series of steps relating to a preopening period of
water control valve 124. During the preopening period,
water may begin flowing through water loop 104 while
water pump 128 begins a startup procedure. This startup
procedure may occur before the refrigerant in water loop
104 is circulating at a normal operating flow rate and pres-
sure. The use of a preopening period may lead to in-
creased system efficiency, as control valve 124 may re-
quire a substantial time period (e.g., more than 30 sec-
onds) to travel from a fully closed to a fully open position.
Opening control valve 124 and starting the flow while
water pump 128 is completing its startup procedure re-
duces any idle time waiting for control valve 124 to open
once water pump 128 is ready to begin normal operation.
[0065] Instep 608, the controller may set a preopening
time period. In various embodiments, the preopening
time period may be based on the time required for water
pump 128 to complete a startup procedure, the time re-
quired for control valve 124 to travel to an open or semi-
open position, or it may be a period manually selected
by a user or generated by a control algorithm. Step 610
includes setting a position for control valve 124 during
the preopening period. As described above, the position
for control valve 124 may be expressed as a percentage,
for example, 0% for a fully closed position or 100% for a
fully opened position. Similar to the preopening time pe-
riod, the preopening valve position may be manually se-
lected by a user or generated by a control algorithm. Fi-
nally, at step 612, process 600 reaches the start of the
preopening period, and control valve 124 may be opened
to the position set in step 610, for the period of time set
in step 608.

[0066] After the period set for the preopening period
has expired and the refrigeration system has begun nor-
mal operation, process 600 may proceed to step 614. In
step 614, the controller may receive sensor input indicat-
ing inlettemperature T;,and condensing temperature T.
Based on these temperature values, the controller may
operate control valve 124 to increase or decrease the
flow rate through water loop 104 until condensing tem-
perature T reaches its setpoint value. The setpoint value
for condensing temperature T, may be calculated by add-
ing the value of the temperature differential setpoint ATSP
(generated in step 604) to the condenser water inlet tem-
perature T, (i.e., Tg 5, = Tjp + ATg,). Once the setpoint
condensing temperature T;g, has been reached, the
controller may cease operating control valve 124 and
cause the valve to hold its current position. In some em-
bodiments, step 614 may also include the controller mon-
itoring the condensing temperature T, to ensure it does
not exceed any limits setin step 602. If a limitis reached,
the controller may cease operating control valve 124 and
cause the valve to hold its current position.

[0067] In step 616, the controller may close or de-
crease flow through water control valve 124 of water loop
104 whenever the controller has determined that the dif-
ference the between condenser water outlet temperature
T,ut @and the condenser inlet temperature T;, meets or
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falls below the minimum differential temperature con-
straint 4T,,;, generated in step 606. Step 616 may be
performed at any time during process 600 and serves as
a constraint on the operations performed in steps
602-614.

Configuration of Exemplary Embodiments

[0068] The construction and arrangement of the sys-
tems and methods as shown in the various exemplary
embodiments are illustrative only. Although only a few
embodiments have been described in detail in this dis-
closure, many modifications are possible (e.g., variations
in sizes, dimensions, structures, shapes and proportions
of the various elements, values of parameters, mounting
arrangements, use of materials, colors, orientations,
etc.). For example, the position of elements may be re-
versed or otherwise varied and the nature or number of
discrete elements or positions may be altered or varied.
Accordingly, all such modifications are intended to be
included within the scope of the present disclosure. The
order or sequence of any process or method steps may
be varied or re-sequenced according to alternative em-
bodiments. Other substitutions, modifications, changes,
and omissions may be made in the design, operating
conditions and arrangement of the exemplary embodi-
ments without departing from the scope of the present
disclosure.

[0069] The presentdisclosure contemplates methods,
systems and program products on any machine-reada-
ble media for accomplishing various operations. The em-
bodiments of the present disclosure may be implemented
using existing computer processors, or by a special pur-
pose computer processor for an appropriate system, in-
corporated for this or another purpose, or by a hardwired
system. Embodiments within the scope of the present
disclosure include program products comprising ma-
chine-readable media for carrying or having machine-
executable instructions or data structures stored thereon.
Such machine-readable media can be any available me-
dia that can be accessed by a general purpose or special
purpose computer or other machine with a processor. By
way of example, such machine-readable media can com-
prise RAM, ROM, EPROM, EEPROM, CD-ROM or other
optical disk storage, magnetic disk storage or other mag-
netic storage devices, or any other medium which can
be used to carry or store desired program code in the
form of machine-executable instructions or data struc-
tures and which can be accessed by a general purpose
or special purpose computer or other machine with a
processor. When information is transferred or provided
over a network or another communications connection
(eitherhardwired, wireless, or a combination of hardwired
or wireless) to a machine, the machine properly views
the connection as a machine-readable medium. Thus,
any such connection is properly termed a machine-read-
able medium. Combinations of the above are also includ-
ed within the scope of machine-readable media. Ma-
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chine-executable instructions include, for example, in-
structions and data which cause a general purpose com-
puter, special purpose computer, or special purpose
processing machines to perform a certain function or
group of functions.

[0070] Although the figures show a specific order of
method steps, the order of the steps may differ from what
is depicted. Also two or more steps may be performed
concurrently or with partial concurrence. Such variation
will depend on the software and hardware systems cho-
sen and on designer choice. All such variations are within
the scope of the disclosure. Likewise, software imple-
mentations could be accomplished with standard pro-
gramming techniques with rule based logic and other log-
ic to accomplish the various connection steps, process-
ing steps, comparison steps and decision steps.

[0071] Numerous specific details are described to pro-
vide a thorough understanding of the disclosure. How-
ever, in certain instances, well-known or conventional
details are not described in order to avoid obscuring the
description. References to "some embodiments," "one
embodiment," "an exemplary embodiment," and/or "var-
ious embodiments" in the present disclosure can be, but
not necessarily are, references to the same embodiment
and such references mean at least one of the embodi-
ments.

[0072] Alternative language and synonyms may be
used for anyone or more of the terms discussed herein.
No special significance should be placed upon whether
or not a term is elaborated or discussed herein. Syno-
nyms for certain terms are provided. A recital of one or
more synonyms does not exclude the use of other syn-
onyms. The use of examples anywhere in this specifica-
tion including examples of any terms discussed herein
is illustrative only, and is not intended to further limit the
scope and meaning of the disclosure or of any exempli-
fied term. Likewise, the disclosure is not limited to various
embodiments given in this specification.

[0073] The elements and assemblies may be con-
structed from any of a wide variety of materials that pro-
vide sufficient strength or durability, in any of a wide va-
riety of colors, textures, and combinations. Further, ele-
ments shown as integrally formed may be constructed
of multiple parts or elements.

[0074] As used herein, the word "exemplary" is used
to mean serving as an example, instance or illustration.
Any implementation or design described herein as "ex-
emplary" is not necessarily to be construed as preferred
or advantageous over other implementations or designs.
Rather, use of the word exemplary is intended to present
concepts in a concrete manner. Accordingly, all such
modifications are intended to be included within the
scope of the present disclosure. Other substitutions,
modifications, changes, and omissions may be made in
the design, operating conditions, and arrangement of the
preferred and other exemplary implementations without
departing from the scope of the appended claims.
[0075] As used herein, the terms "approximately,"
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"about," "substantially," and similar terms are intended
to have a broad meaning in harmony with the common
and accepted usage by those of ordinary skill in the art
to which the subject matter of this disclosure pertains. It
should be understood by those of skill in the art who re-
view this disclosure thatthese terms are intended to allow
a description of certain features described and claimed
without restricting the scope of these features to the pre-
cise numerical ranges provided. Accordingly, these
terms should be interpreted as indicating that insubstan-
tial or inconsequential modifications or alterations of the
subject matter described and claimed are considered to
be within the scope of the invention as recited in the ap-
pended claims.

[0076] As used herein, the term "coupled" means the
joining of two members directly or indirectly to one an-
other. Such joining may be stationary in nature or move-
able in nature and/or such joining may allow for the flow
of fluids, electricity, electrical signals, or other types of
signals or communication between the two members.
Such joining may be achieved with the two members or
the two members and any additional intermediate mem-
bers being integrally formed as a single unitary body with
one another or with the two members or the two members
and any additional intermediate members being attached
to one another. Such joining may be permanent in nature
oralternatively may be removable or releasable in nature.
[0077] The background section is intended to provide
a background or context to the invention recited in the
claims. The description in the background section may
include concepts that could be pursued, but are not nec-
essarily ones thathave been previously conceived or pur-
sued. Therefore, unless otherwise indicated herein, what
is described in the background section is not prior art to
the description and claims and is not admitted to be prior
art by inclusion in the background section.

Claims

1. A refrigeration system for a temperature-controlled
storage device, comprising:

a refrigeration circuit configured to circulate a
refrigerant, the refrigeration circuit comprising a
compressor, acondenser, an expansion device,
and an evaporator;

a cooling circuit separate from the refrigeration
circuit and configured to circulate a coolant
through the condenser to provide cooling for the
refrigerant, the cooling circuit comprising a
pump, a control valve, and a heat removing de-
vice in fluid communication with the condenser
via the coolant; and

a controller operatively coupled to the control
valve, the controller configured to:

identify a coolant temperature differential
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setpoint;

monitor a temperature of the coolant pro-
vided to the condenser by the cooling circuit;
calculate a coolant temperature differential
based on the temperature of the coolant
provided to the condenser; and

provide a signal to the control valve to mod-
ulate a flow of the coolant through the con-
denser to drive the coolant temperature dif-
ferential to the coolant temperature differ-
ential setpoint.

The refrigeration system of claim 1, wherein the con-
troller is configured to determine a condensing tem-
perature of the refrigerant in the condenser;
wherein the coolant temperature differential is a dif-
ference between the condensing temperature of the
refrigerant in the condenser and the temperature of
the coolant provided to the condenser.

The refrigeration system of claim 2, wherein the con-
troller is configured to determine the condensing
temperature of the refrigerant in the condenser by:

monitoring a condensing pressure of the refrig-
erant in the condenser; and

calculating the condensing temperature based
on the condensing pressure.

The refrigeration system of claim 1, or of claim 2 or
claim 3, wherein the controller is configured to mon-
itor atemperature of the coolant exiting the condens-
er;

wherein the coolant temperature differential is a dif-
ference between the temperature of the coolant ex-
iting the condenser and the temperature of the cool-
ant provided to the condenser.

The refrigeration system of claim 1, or of any of
claims 2 to 4, wherein the controller is configured to:

open the control valve to increase the flow of the
coolantthrough the condenser when the coolant
temperature differential is higher than the cool-
ant temperature differential setpoint; and

close the control valve to decrease the flow of
the coolant through the condenser when the
coolanttemperature differential is lower than the
coolant temperature differential setpoint.

The refrigeration system of claim 1, or of any pre-
ceding claim, wherein the refrigerant is carbon diox-
ide (CO,).

The refrigeration system of claim 1, or of any pre-
ceding claim, wherein the coolant is water or a mix-
ture of water and glycol.
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The refrigeration system of claim 1, or of any pre-
ceding claim, wherein the controller is configured to:

identify a temperature differential constraint;
monitor a coolant outlet temperature at an outlet
ofthe condenser and a coolantinlet temperature
at an inlet of the condenser;

calculate an actual temperature differential be-
tween the coolant outlet temperature and the
coolant inlet temperature; and

operate the control valve to decrease the flow
of the coolant through the condenser in re-
sponse to the actual temperature differential be-
ing less than the temperature differential con-
straint.

The refrigeration system of claim 1, or of any pre-
ceding claim, wherein the controller is configured to:

identify a temperature differential constraint;
monitor a condenser temperature differential
between a temperature of the coolant at an out-
let of the condenser and a temperature of the
coolant at an inlet of the condenser; and
operate the control valve to decrease the flow
of the coolant through the condenser in re-
sponse to the condenser temperature differen-
tial being less than the temperature differential
constraint.

The refrigeration system of claim 1, or of any pre-
ceding claim, wherein the controller is configured to
operate at least one of the compressor and the ex-
pansion device to modulate a flow rate of the refrig-
erant to maintain a desired temperature of the tem-
perature-controlled storage device.

The refrigeration system of claim 1, or of any pre-
ceding claim, wherein the controller is configured to:

identify a preopening time period for the control
valve during an initialization period of the refrig-
eration system;

identify a preopening position for the control
valve during the initialization period; and
operate the control valve to achieve the preo-
pening position for a duration of the preopening
time period.

The refrigeration system of claim 1, or of any pre-
ceding claim, wherein the controller is configured to:

identify a maximum temperature limit for a con-
densing temperature of the refrigerant in the
condenser; and

prevent the control valve from further closing in
response to the condensing temperature of the
refrigerant exceeding the maximum tempera-
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14.

15.

22
ture limit.

The refrigeration system of claim 1, wherein the con-
troller is configured to:

identify a minimum temperature limit for a con-
densing temperature of the refrigerant in the
condenser; and

prevent the control valve from further opening
in response to the condensing temperature of
the refrigerant dropping below the minimum
temperature limit.

The refrigeration system of claim 1, wherein the con-
troller is configured to calculate a setpoint condens-
ing temperature for the refrigerant by adding the
coolant temperature differential setpoint to the tem-
perature of the coolant provided to the condenser.

The refrigeration system of claim 14, wherein the
controller is configured to operate the control valve
to maintain a saturation temperature of the refriger-
ant as it condenses in the condenser equal to the
setpoint condensing temperature.
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